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Target Specificity of Immunoglobulin Class
Switch Recombination Is Not Determined by
Nucleotide Sequences of S Regions
CSR is regulated by cytokines secreted by T cells that
interact with B cells through CD40/CD40L in the germi-
nal center (reviewed in Snapper et al., 1997). For exam-
ple, TGFb predominantly leads to switching to IgA, at
least in vitro, and production of IgE and IgG1 is generally
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enhanced by IL-4. Cytokines induce transcription of theYoshida, Sakyo-ku
target S region, which is initiated from the I exon pro-Kyoto 606-8501
moter located upstream of each S region (Stavnezer andJapan
Sirlin, 1986; Yancopoulos et al., 1986). Splicing of this
transcription product gives rise to a germline transcript
that contains the I and the CH exons but not the S region.Summary
The expression of germline transcripts from a particular
CH gene precedes CSR. Transcription of the S regionWe describe a model system for class switch recombi-
and its splicing appear to be essential for CSR becausenation (CSR) using CH12F3-2 cells transfected with a
genetic manipulations abrogating either of them strongly
DNA construct containing two S sequences tran-
reduce CSR efficiency (Gu et al., 1993; Jung et al., 1993;
scribed by different promoters and separated by a viral Xu et al., 1993; Bottaro et al., 1994). Recently, recombi-
thymidine kinase (TK) gene. Recombination observed nation breakpoints of CSR have been shown to be dis-
using this system shares key properties with physio- tributed almost evenly in the Sm region and its flanking
logical CSR: deletion of DNA between two S regions, regions that are transcribed as an intron sequence in
requirement for cytokine stimulation, and nonhomolo- primary germline transcripts, but scarcely in the exonic
gous and no consensus breakpoint sequences. Stud- portions (Dunnick et al., 1993; Lee et al., 1998).
ies on transfectants with variants of this construct led These observations are consistent with the accessibil-
us to the following conclusions: (1) two S sequences ity model, which suggests that transcription of the re-
are required for CSR; (2) isotype specificity of recombi- combination target is required to make the target S re-
nation is not determined by nucleotide sequences of gion accessible to the CSR recombination machinery
S regions; (3) S sequences are not strand-specific; (Stavnezer and Sirlin, 1986; Yancopoulos et al., 1986;
and (4) induction of recombination activity requires Lutzker et al., 1988; Stavnezer et al., 1988). A given S
cytokine stimulation. region rendered accessible by the action of specific
cytokines will then be attacked by a putative class
switch recombinase that could be a general factor orIntroduction
specific to that particular S region. Finally, the broken
DNA ends must be repaired and rejoined. Recent studiesThe immunoglobulin (Ig) class, which is defined by the
indicate that the final process of CSR requires DNA-constant region of the heavy chain (CH), determines
PKcs (Rolink et al., 1996) and the Ku proteins (Casellasthe manner whereby captured antigens are eliminated
et al., 1998; Manis et al., 1998), which are componentsor the location where Ig is delivered and accumulated.
of the general DNA repair machinery and involved in theAntigen stimulation of mature B cells induces two ge-
process of repairing the double-strand breaks inducednetic events in Ig loci: somatic mutation of the re-
by ionizing radiation or RAG-1/RAG-2 cleavage (re-arranged V region genes and class switch recombination
viewed in Jeggo et al., 1995). The final step of CSR(CSR) in the CH gene locus. CSR changes the Ig class
seems to be processed by the ubiquitous DNA repairexpressed on B cells from IgM to one of the other classes
machinery. The most important but mysterious step in(IgG, IgE, or IgA) by deleting, as a looped-out circle, the
CSR is how a particular S region DNA is recognized byDNA sequences between the VH gene and the CH gene
CSR recombinase machinery.to be expressed after the switch (Honjo and Kataoka,
In order to study the molecular mechanism of CSR,1978; Cory et al., 1980; Rabbitts et al., 1980; Shimizu
it is highly desirable to set up a model system, in whichand Honjo, 1984; Iwasato et al., 1990; Matsuoka et al.,
artificial DNA constructs and class switching cell lines1990; von Schwedler et al., 1990). CSR appears to be
are combined. CSR models should reproduce the funda-
unique among known recombination mechanisms be-
mental characteristics unique to CSR, namely nonho-
cause there are no consensus sequences for the sites mologous recombination without consensus sequences
of CSR (Nikaido et al., 1982; Dunnick et al., 1993; Lee around breakpoints, S region requirement, broad but
et al., 1998) and because CSR takes place between defined distribution of recombination sites, and cytokine
nonhomologous sequences in broad but defined areas inducibility. Previously reported artificial constructs (Ott
including and surrounding the S region (Dunnick et al., et al., 1987; Leung and Maizels, 1992; Lepse et al., 1994;
1993; Lee et al., 1998), which is located 59 to each CH Daniels and Lieber, 1995a; Ballantyne et al., 1997; Li et
gene and composed of tandem arrays of short repetitive al., 1997), however, have several limitations as model
sequences (Shimizu et al., 1982). systems for CSR, because recombination in these con-
The selection of a specific S region as the target of structs did not completely recapitulate the molecular
properties unique to CSR mentioned above. This prob-
lem appears to stem from the absence of B cell lines* To whom correpondence should be addressed (e-mail: honjo@
mfour.med.kyoto-u.ac.jp). that can switch efficiently upon cytokine stimulation.
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Figure 1. Structure of the Class Switch Con-
struct SC(m,a) before and after CSR and S
Region Variants
(A) EF-1a and SRa promoters (arrows) and
exons (rectangles) directed by the respective
promoter are indicated by closed and shaded
symbols, respectively. Preswitch transcripts
(Pre-Tr) and postswitch transcript (Post-Tr)
are depicted below, and v-shaped lines indi-
cate splicing. Thick bars (a, b, and c) repre-
sent probes for Southern hybridization. Open
and closed arrowheads represent primers for
genomic PCR and RT-PCR, respectively. Re-
striction sites are indicated by abbreviations:
E, EcoRI; Sl, SalI; C, ClaI; H, HindIII; S, SacII;
and Sc, ScaI. 1 kb scale bar is shown. De-
tailed construction procedures are described
in Experimental Procedures.
(B) Variant substrates were constructed by
deleting, inverting or replacing S sequences
in SC(m,a) as described in Experimental Pro-
cedures. Recombination frequencies (RF)
were determined after 6 day stimulation with
CD40L, IL-4, and TGFb by 96-well GANC se-
lection as described in Figure 3B. RF of each
construct is represented as mean 6 standard
deviation derived from measured values of
independent transfectant lines whose num-
bers are shown in parentheses. CSR frequen-
cies of endogenous loci of all transfectants
were comparable with the parental line.
We report here a CSR model system fulfilling the re- which provides another sensitive assay for the recombi-
nation (Figure 1A). A third method to detect CSR isquirements set out above, using novel artificial con-
structs integrated in the murine B-cell lymphoma line genomic PCR to amplify heterogeneously deleted DNA
substrates as smears, which was previously shown toCH12F3-2, more than 50% of which switch from IgM to
IgA following stimulation with CD40L, IL-4, and TGFb detect heterogeneous CSR products on the chromo-
some as well as circular DNA in CH12F3-2 and spleen(Nakamura et al., 1996). Our studies using this system
show that the isotype-specificity of CSR is neither deter- cells (Lee et al., 1998). To test whether S sequences are
necessary for recombination, two variant substrates thatmined by nucleotide sequences of S regions nor depen-
dent on the orientation of S sequences, although the lack Sa [SC(m,0)] or both Sm and Sa [SC(0,0)] were con-
structed (Figure 1B). CH12F3-2 cells transfected withpresence of two S sequences is required.
various constructs were selected for G418-resistance,
GANC-sensitivity and integration of a single and intact
Results copy of the construct, and expression of the two pre-
switch transcripts.
Design of Switch Substrate and Strategies
to Detect Recombination
The artificial CSR substrate, SC(m,a), was constructed Stimulation-Dependent CSR in Switch Substrate
As shown in Figure 2A, three representative clonesto have three important functional properties similar to
the activated Ig heavy chain (IgH) locus of CH12F3-2 (#506, #512, and #525) of SC(m,a) transfectants exhibited
stimulation-dependent expression of postswitch tran-cells, in which Sm and Sa recombination occurs: (1)
the presence of the Sm and Sa sequences, (2) their scripts. In some clones such as #512, a trace amount of
postswitch transcripts was detected before stimulation.transcription from two independent promoters, and (3)
splicing that removes the S sequences as introns (Figure This low-level background switching is not surprising
in view of low but significant spontaneous switching1A). The thymidine kinase (TK) gene is inserted between
the two S sequences to confer ganciclovir (GANC) resis- (1%±3%) in the endogenous IgH locus of the transfec-
tants. To confirm switching at the DNA level, genomictance upon cells that delete this gene by recombination
between the two S sequences. Before recombination, DNAs from the same clones were analyzed by PCR with
the primers 1F and 1R (Figure 1A). Since the distancethe preswitch transcripts (Pre-Tr) 1 and 2 are generated
from separate promoters. Recombination between the between the two primers and that between the S se-
quences in the original construct are 8.5 and 5.1 kb,S regions in the construct abrogates these transcripts
and gives rise to the new postswitch transcripts (Post- respectively, deletion between S regions should give
rise to heterogeneous products smaller than 3.4 kb. PCRTr) directed by the upstream promoter. Each of these
transcripts can be specifically detected by RT-PCR us- amplification of genomic DNA from #506, #512, and #525
cells after stimulation yielded smeared products in theing the appropriate primer pairs and probes indicated,
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Figure 2. CSR in the Switch Construct Is Dependent on Both S
Region and Stimulation
(A) RT-PCR assay for postswitch transcripts in CH12F3-2 stably
transfected with SC(m,a), SC(m,0), and SC(0,0) constructs. PCR
products amplified between primers BF and SR were electropho-
resed in agarose gels containing ethidium bromide. Results from
representative clones are shown for each construct. Lower bands
seen below the postswitch transcript (open arrowhead) are alterna-
tively spliced products using a cryptic splicing acceptor site down-
stream to the main site (sequence data not shown). At the top of
each lane, construct symbols and clone numbers are shown. STIM
indicates the presence (1) or absence (2) of stimulation (CD40L,
IL-4, and TGFb1 for 6 days). Specificity of amplification was verified
by Southern hybridization using probe b (Figure 1A) (data not
shown). GAPDH is an internal control.
(B) Genomic PCR using primers 1F and 1R (Figure 1A) reveals stimu-
lation-dependent appearance of smeared products shorter than
preswitch products (closed arrowhead). Inversed images of ethid-
ium bromide-stained gels are shown. Specificity of amplification
was verified by Southern hybridization using probe b (Figure 1A), Figure 3. Requirement of Cytokine Stimuli for CSR in the Switch
which is indicated as Southern. Substrate
(A) RT-PCR using primers indicated in Figure 1A to examine expres-
sion of preswitch and postswitch transcripts in clone #506 of SC(m,a)
transfectants in response to the 6 day stimulus indicated aboveexpected size range (Figure 2B). Discrete bands in the
(lanes 1±8). Lane 9 contains cDNA from CH12F3-2 transfected withsmeared backgrounds could be due to either PCR arti-
SC(PS). Lanes 10 and 11 contain CH12F3-2 cDNA and no template,
facts or preferred sites of recombination, which requires respectively. Genomic PCR assay using 2F and 2R (Figure 1A) is
further investigation. In contrast, DNA from unstimulated shown below as an inversed gel image. Lane 10 contains CH12F3-2
DNA. This set of primers amplifies the 7.7 kb fragment from unre-cells did not give obvious smeared bands with stronger
arranged SC(m,a) construct (closed arrowhead). Smeared productsintensity of the preswitch band. No postswitch tran-
(left bracket) shorter than 2.5 kb appear in response to stimulation.scripts of the expected size were induced by the stimula-
(B) Recombination frequency (RF) was estimated by detection oftion in the control transfectants of SC(m,0), and SC(0,0)
DNA rearranged bands with genomic PCR. #506 cells were stimu-
(Figure 2A). Genomic PCR of DNA from the control lated for 6 days with stimuli indicated by abbreviations as follows:
transfectants after stimulation revealed no smeared (-), no stimulation; C, CD40L; I, IL-4; T, TGFb1; CI, C1I; CT, C1T;
IT, I1T; and CIT, C1I1T. RF was inferred by counting the numberbands in the expected ranges (Figure 2B), indicating that
of bands per 800 cells and was shown immediately below the geltwo S sequences are required for the heterogeneous
images on a line denoted as PCR. The second line (GANC) indicatesrecombination typical to CSR. In addition, CSR in the
RF estimated by GANC-resistance colony assay for the same condi-SC(m,a) substrate appears to be B cell±specific because
tion as above. GANC selection was initiated at a cell density of 100
EL-4 cells, a murine T cell line, stably transfected with cells/well in 96-well plates. Fourteen days later, the number of wells
this substrate failed to express postswitch transcripts containing GANC-resistant colonies was counted. RF were calcu-
lated by dividing the number of colony-positive wells by total numbereven after 4 day stimulation with ConA at 2.5 mg/ml (data
of cells inoculated in 96 wells and shown as percentages. RF of thenot shown).
endogenous locus, shown in the third line (IgA), was assayed asThe relative effects of CD40L, IL-4, TGFb, and their
described (Nakamura et al., 1996).combinations on clone #506 were assessed by the
induction of postswitch transcripts and postswitch
smears (Figure 3A). Although accurate quantitation of the absence of CD40L, middle by CD40L 1 either IL-4
or TGFb, and strongest by the three together. ThesePCR-amplified bands is not appropriate, we can clearly
distinguish three levels of CSR stimulation: weakest in findings parallel the levels of switching to IgA in the
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endogenous locus following the respective stimulus
(Nakamura et al., 1996). It is of note that CSR is induced
by the cytokine stimulation in spite of the fact that the
two S regions are constitutively transcribed in SC(m,a).
Frequency of CSR in the Switch Substrate
In order to estimate the frequency of recombination, 10
or 100 each of stimulated #506 cells were plated in
96 wells and subjected to GANC selection. The CSR
frequency was calculated by dividing the number of
colony-containing wells by the total number of cells.
As shown in Figure 3B, the recombination frequency
increased at least 20-fold (from 0.04% to 0.85%) follow-
ing stimulation with CD40L, IL-4, and TGFb. The relative
recombination frequencies with different combinations
of stimuli are in general agreement with the relative in-
tensities of postswitch transcript bands and postswitch
smears (Figure 3A) as well as the relative levels of IgA
expression (Nakamura et al., 1996). The recombination
frequencies of unstimulated SC(m,a) transfectants were
at the same level as stimulated transfectants contain-
ing control constructs such as SC(0,0), SC(m,0), and Figure 4. Evidence for CSR in GANC-Resistant Clones
SC(m,NS) in which Sa was replaced by a nonrepetitive
CSR in GANC-resistant cells cloned from stimulated #506 cells was
sequence (Figure 1B). confirmed by three types of analysis; RT-PCR, genomic PCR, and
Another method to estimate the CSR frequency was genomic Southern hybridization. RT-PCR using primer pairs indi-
cated in Figure 1A. The leftmost lane contains cDNA from #506to count the number of differently rearranged bands
cells without stimulation. PS contains cDNA from CH12F3-2 stablyamong eight pools, each containing 100 stimulated #506
transfected with SC(PS) (Figure 1B). Lanes 1±12 contain cDNA fromcells. DNA was extracted from each pool after expansion
12 independent GANC-resistant clones derived from stimulatedand analyzed by genomic PCR (Figure 3B). The total
#506 cells. Open arrowheads show positions of the preswitch tran-
number of rearranged bands was divided by 800 to cal- scripts and postswitch transcripts. GAPDH is an internal control.
culate the CSR frequency. The recombination frequency Genomic PCR assay was carried out using primers 2F and 2R (Figure
1A). Closed arrowhead indicates the position of the 7.7 kb preswitchincreased 28-fold following stimulation with CD40L, IL-4,
products. Left bracket indicates the range of expected postswitchand TGFb. The relative order of the recombination fre-
product sizes. Southern blot of EcoRI±SalI digested genomic DNAquencies induced by different combinations of stimuli
was hybridized with probe a (Figure 1A). Closed and open arrow-was in parallel with that obtained by the GANC-resis-
heads point the positions of the 4.9 kb fragment containing the TK
tance assay. The CSR frequency values obtained were gene and the 2.3 kb band containing the neomycin resistance gene,
lower by the latter method, which is probably due to respectively.
inefficiency of cell cloning.
amplification of fragments containing the probe a se-
quence was observed.Evidence for CSR in GANC-Resistant Cells
RT-PCR analysis of GANC-resistant clones derived from The nucleotide sequences of the recombination break-
points were determined by directly sequencing the ge-the SC(m,a) transfectant #506 detected the postswitch
transcript in all 12 clones obtained (Figure 4). As ex- nomic PCR products from GANC-resistant clones of
SC(m,a) transfectants (Figure 5). The recombinationpected, neither of the preswitch transcripts was de-
tected in these clones. Consistent with the presence of junction sequences between the Sm and Sa sequences
in the switch substrate possessed three features com-the postswitch transcripts, a single rearranged band
smaller than the preswitch band was detected by PCR mon to physiological CSR: the absence of any consen-
sus sequences surrounding breakpoints, nonhomologyanalysis of genomic DNA from all GANC-resistant clones
except one clone (clone #8), which appeared to have between two S sequences at the junction, and precise
joining of germline sequences with occasional smallrearranged outside the primer (Figure 4).
The genomic DNA was also analyzed by Southern mutations in the proximity of the recombination break-
points. Among 20 breakpoints identified, 8 (40%) hadhybridization after digestion with EcoRI and SalI. Probe
a should hybridize with both 2.3 kb and 4.9 kb fragments breakpoint-proximal mutations: six cases with replace-
ments at one side of the junction, one case with replace-containing the neomycin resistance and TK genes, re-
spectively, in the original construct (Figure 1A). As ments on both sides, and one with insertion (nine addi-
tional sequences are available upon request). Theshown in Figure 4, all GANC-resistant clones deleted
the 4.9 kb fragment containing the TK gene, while the distribution of mutations generally agrees with the previ-
ous analyses of CSR breakpoints (Dunnick et al., 1993;2.3 kb fragment was retained as expected. Note that
the 2.3 kb band was displaced by a larger fragment in Du et al., 1997).
To confirm that recombination sites were distributedclone #8 that seemed to have lost the 1F primer site
and its adjacent SalI site. In another clone #3, aberrant in the 59 flanking region of the Sm sequence but not in
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Figure 6. Distribution of Breakpoints in the Switch Substrate
Genomic DNA from stimulated #506 cells was amplified by primers
3F and 1R (10.3 kb separated from each other in the original con-
struct) and digested with indicated restriction enzymes, followed by
Southern blotting and hybridization with probe b or c. Digestion of
the 3F-1R product from SC(m,a) yields fragments of 0.211.019.1
kb, 0.311.613.015.4 kb and 1.312.116.9 kb with HindIII, SacII,
and SalI, respectively (Figure 1A). The left and right panels show
autoradiograms after hybridization with probe c and probe b, re-
spectively. Brackets indicate the size of the original postswitch PCR
products that have not been digested by SalI.
upstream to the SacII site adjacent to the exon. In con-
trast, digestion with SalI revealed that a portion of the
original smeared bands still hybridized with both probes
c and b in addition to the expected-sized band hybridiz-
ing with probe c and the shorter smeared bands hy-
bridizing with probe b. This indicates that heteroge-
neous recombination took place even upstream of the
59 SalI site (therefore, upstream to the Sm sequence),
giving rise to the recombinants devoid of the SalI sites.
Figure 5. Sequences around CSR Breakpoints
Target Specificity of CSR Is Not DeterminedSequences around recombination breakpoints from SC(m,a), SC(m,g1),
SC(m,e), and SC(m,Ra) transfectants are shown. Breakpoints are by the Nucleotide Sequence of S Region
represented by three lines of sequences with Sm sequences at the To examine whether the S sequence by itself deter-
top, sequences of genomic PCR product in the middle, and down- mines the isotype specificity of recombination, we con-
stream S sequences at the bottom. A stretch of identical sequences structed the variant substrates SC(m,g1) and SC(m,e), in
are boxed and thus recombination breakpoints are represented by
which the Sa sequence was replaced by the Sg1 andthe transition of the boxed area from the top and middle lines to
Se sequences, respectively (Figure 1B). Postswitch tran-the middle and bottom lines. Mutations occasionally found adjacent
to the breakpoints are indicated by a gap. Numbers to the left of scripts and postswitch smears were induced in both
the top and the bottom lines indicate the distance of the leftmost SC(m,g1) and SC(m,e) transfectants of CH12F3-2 cells
nucleotide in each line from the first G in the upstream SalI site by stimulation (Figure 7). GANC-resistant cells appeared
sequence (GTCGAC) as 11 and the last T in the downstream ClaI with a frequency of 2.2% and 1% from stimulated
site sequence (ATCGAT) as 11, respectively.
SC(m,g1) and SC(m,e) transfectants, respectively (Figure
1B). These frequencies were even higher than those
of SC(m,a) transfectants. Note that switch frequenciesthe exon, we isolated genomic DNA from the SC(m,a)
transfectant #506 following stimulation with CD40L, were compared by compiled data of independent trans-
fectants for each construct to minimize clonal varia-TGFb, and IL-4. DNA was amplified by the primers 3F
and 1R, followed by digestion with HindIII, SacII, or SalI. tion. GANC-resistant clones derived from SC(m,g1) and
SC(m,e) were analyzed by RT-PCR, genomic PCR, andThe digested products were electrophoresed and hy-
bridized with either probe b or probe c (Figure 1A). Di- genomic Southern hybridization. All of the GANC-resis-
tant clones expressed postswitch transcripts but notgestion of the amplified DNA with either HindIII or SacII,
which has sites near to or upstream of the exon 59 to preswitch transcripts and deleted the TK gene between
two S sequences (data not shown). Breakpoints in thesethe Sm sequence, completely abolished the original
smeared bands and generated the expected-sized constructs were determined by direct sequencing of
genomic PCR products of GANC-resistant clones. Nu-bands after hybridization with probe c and shorter
smeared bands following hybridization with probe b cleotide sequences surrounding these breakpoints had
the same characteristics of physiological CSR found(Figure 6). The results indicate that heterogeneous re-
combination took place downstream but not (or rarely) in SC(m,a) transfectants (Figure 5). It is thus clear that
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by independent promoters and splicing of the S se-
quences out of the transcripts. The major difference is
the constitutive transcription of the two S regions in
the SC(m,a) construct as compared with the inducible
expression of germline transcripts in the endogenous
locus. In fact, no difference between the levels of pre-
switch transcripts before and after stimulation was ob-
served by RNase protection assay (data not shown).
CSR identified using this system shares several key
properties with the physiological CSR: (1) recombination
is associated with deletion between two S regions; (2)
recombination is dependent on the presence of S re-
gions; (3) recombination is dependent on cytokine stim-
ulation; (4) the relative recombination frequencies in the
construct in response to various stimuli generally paral-
lel those of endogenous switching from m to a; (5)
breakpoint sequences show nonhomologous recombi-Figure 7. CSR in the Switch Construct Shows No Dependency on
Types of the S Sequence Nor Its Orientation nation without consensus sequences and are accompa-
nied by frequent nearby mutations; (6) recombination(A) Transfectants with variant constructs: SC(m,g1), SC(m,e), and
SC(m,Ra) were cultured with or without stimuli (CD40L, IL-4, and breakpoints map in the S flanking regions as well as S
TGFb) for 6 days, and extracted RNA was analyzed by RT-PCR sequences but not in the exon of the germline transcript;
using the BF and SR primers (Figure 1A). At the top of the panel, and (7) no recombination was seen in a T cell line. Al-
symbols of constructs, clone numbers, and stimulation status are
though we cannot formally exclude the possibility thatshown.
a population of cells that had undergone recombination(B) Genomic DNAs from the same sources as shown in (a) were
analyzed by PCR using the primers 1F and 2F. Smeared products and lost the TK gene prior to stimulation expanded dur-
were induced in lanes containing DNAs from stimulated cells. In- ing the 6 day stimulation prior to analysis, we think it is
verted images of ethidium bromide staining are shown. very unlikely because recombination breakpoints were
extremely diverse (Figures 3B, 4, and 5), and frequencies
of recombination in response to various combinations
recombination in the substrate does not show prefer- of stimuli correlate with those of IgA switching (Fig-
ence for the nucleotide sequence of the S region, al- ure 3B).
though the endogenous locus has strong bias toward The frequency of recombination was estimated to be
the Sa region (Nakamura et al., 1996). approximately 0.5%z2.8% by the number of colonies
after GANC selection and the number of rearranged
Recombination Takes Place Irrespective
bands (Figures 1A and 3B). This value was considerably
of S Sequence Orientation
lower than the efficiency (more than 50%) of endoge-
In order to examine the strand specificity of the S se-
nous Ig switching from m to a (Nakamura et al., 1996).
quence, another version of the substrate SC(m,Ra) was
It is not surprising that the absolute CSR frequency inconstructed, in which the Sa sequence was placed in
the switch construct is lower than that in the endoge-the reverse orientation with respect to the Sm sequence
nous IgH locus because the former may not have all the(Figure 1B). Stable transfectants of this construct ex-
important regulatory elements present in the latter suchhibited stimulation-dependent induction of postswitch
as enhancers and locus controlling elements. It is worthtranscripts as well as postswitch smeared PCR products
noting that the ratios of CSR frequencies after and be-and the appearance of GANC-resistant cells with a fre-
fore stimulation were comparable between the artificialquency similar to SC(m,a) transfectants (Figures 7 and
construct (21z28) and the endogenous locus (39) (Fig-1B). GANC-resistant clones derived from SC(m,Ra)
ure 3B).transfectants were analyzed by RT-PCR, genomic PCR,
Previously, several groups of investigators describedand genomic Southern hybridization to confirm deletion
DNA constructs designed to assay CSR in lymphocytesbetween S sequences (data not shown). Nucleotide se-
(Ott et al., 1987; Leung and Maizels, 1992; Lepse et al.,quences surrounding recombination junctions shared
1994; Daniels and Lieber, 1995a; Ballantyne et al., 1997;properties similar to those in SC(m,a) transfectants (Fig-
Li et al., 1997). The CSR assay systems consisting ofure 5). These results indicate that the CSR machinery
these constructs and cell lines used had several limita-can recognize the S sequence in either orientation.
tions in studying the molecular mechanism of CSR and
none of them completely fulfilled the key properties ofDiscussion
CSR mentioned above. Most importantly, the previous
systems could not definitively demonstrate cytokine-Recombination in the Switch Substrate
induced recombination. Reported enhancement of re-Mimics Physiological CSR
combination by LPS or IL-4 could be due to positiveWe have established an experimental system of CSR
effects on proliferation and survival of spleen cells (Lithat combines the high-frequency switching cell line
et al., 1997; Ballantyne et al., 1998). On the other hand,CH12F3-2 and a chromosomally integrated switch sub-
CH12F3-2 cells proliferate without stimulation and evenstrate. This system conserves the basic requirements
of the CH locus for CSR; two S regions that are regulated more slowly in response to TGFb and its combination.
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Roles of S Sequences in CSR modulated by cytokines without altering the expression
levels of germline transcripts (Severinson et al., 1990;The switch constructs containing the Sg1 or Se se-
quence in place of the Sa sequence also underwent Purkerson and Isakson, 1992; Shparago et al., 1996;
reviewed in Snapper et al., 1997). Therefore, cytokinesrecombination with similar efficiencies in response to
the same stimulation. This implies that the recombinase appear to upregulate the recombinase activity. It has
been difficult to evaluate the two effects of cytokinesactivity in IgA-committed CH12F3-2 cells can mediate
recombination between Sm and Sg1 or between Sm and separately, namely on switch recombinase activation
and on germline transcription induction, because cyto-Se as well as between Sm and Sa. This finding is in
agreement with the idea that the recombinase machin- kine stimulation induces both simultaneously. In the
construct reported here, the two S sequences are con-ery itself is not necessarily isotype-specific but the ac-
cessibility of the S region chromatin to recombinase stitutively transcribed from the strong mammalian pro-
moters. Thus, the observed stimulatory effect of cyto-determines the recombination target (Stavnezer and Sir-
lin, 1986; Yancopoulos et al., 1986). kines on recombination provides direct evidence for
induction of recombinase activity by cytokines. ThisCSR was also observed at a comparable frequency
when the Sa sequence was placed in the reverse orien- conclusion is also supported by the fact that class
switching of CH12F3 cells is blocked by the cyclohexi-tation relative to the Sm sequence, indicating that the
strand specificity for S region sequences is not absolute. mide treatment (M. Muramatsu and T. H., unpublished
data). Our analysis reveals that all three stimuli of CD40L,Opposite strand transcription from undefined endoge-
nous promoters around integration sites could under- IL-4, and TGFb1 contribute to the induction of recombi-
nation activity at least in part (Figure 3B).mine the above conclusion. However, this possibility is
unlikely because RNase protection assay did not detect
such antisense transcript, and RT-PCR using a strand-
Molecular Mechanism of CSRspecific oligonucleotide as a primer for cDNA synthesis
From previous studies and new findings describedrevealed that opposite strand transcription of the in-
above, the molecular mechanism of CSR can be dis-verted Sa region was practically absent, i.e., 1/100z1/
sected into two steps. The first step is transcriptional1000 of the transcription level from the SRa promoter
activation of the target S region. This idea has beenin two independent lines, #251 and #252 (data not
extensively discussed as the accessibility model (Stav-shown). A recent report of the S region sequence in
nezer and Sirlin, 1986; Yancopoulos et al., 1986). Al-chicken supports our conclusion because the chicken
though transcription of the target S region has beenSm region consists of tandemly repetitive sequences
shown to be required for CSR (Gu et al., 1993; Jung etwith C-rich motifs that are complementary to the mam-
al., 1993; Xu et al., 1993; Bottaro et al., 1994; Harrimanmalian Sm sequences (Kitao et al., 1996). Previous stud-
et al., 1996), it is unclear whether the transcript itselfies using extrachromosomally replicating substrates
plays a role. There are several reasons to suspect its(Lepse et al., 1994; Daniels and Lieber, 1995a), however,
having an active role in CSR: (1) antisense RNA or oligo-had suggested such a strand specificity of S sequences.
nucleotides against Ia downregulate both Ia germlineMammalian S regions consist of G-rich repetitive se-
transcription and switching to IgA in the CH12LX cellquences. The S sequence has been shown to form
line (Wakatsuki and Strober, 1993); (2) the splicing mech-G-quartet structure (DNA tetraplex formed with Hoog-
anism between the I exon and CH exon is conservedsteen bonding between guanidine residues) in vitro (Sen
among all Ig isotypes including human and mouse; (3)and Gilbert, 1988). Another interesting structure impli-
gene-targeted mice with a defective Ig1 splice donorcated in the CSR is a DNA:RNA hybrid formed from
sequence exhibit a defect in switching to IgG1 (Lorenzdouble-strand S region DNA and RNA transcribed from
et al., 1995); and (4) the upstream boundary of recombi-S region (Reaban and Griffin, 1990; Daniels and Lieber,
nation breakpoints in the Sm regions coincides with1995b). Such a DNA:RNA hybrid is specific for RNA
exon-intron boundary of the Im in the CH12F3-2 cell linecontaining G-rich sequences such as the mammalian
(Lee et al., 1998). Unexpectedly, Ia exon-deficient mice,germline transcripts. In addition to these phenomena,
which were generated by replacing Ia with the HPRTthe fact that G-rich repetitive sequences including the
minigene, showed normal IgA switching (Harriman et al.,telomere sequence are recombinogenic in E.coli and
1996), while other I exon (Ig1 or Ie)-targeted mice showedeukaryotic cells suggested that G richness may have
significant reduction of switching to respective isotypessome implication for the function of S regions.
(Jung et al., 1993; Bottaro et al., 1994). It turned out that
substantial read-though transcription from the HPRT
gene promoter and splicing between the HPRT and CaCytokines Induce Recombinase Activity
We have shown that CSR is induced by cytokine stimula- exons took place (Qiu et al., 1999). Since the S region
sequence per se does not determine the target of CSR,tion in spite of the constitutive transcription of the S
regions in SC(m,a). Targeting of recombination to a spe- it is likely that the class switch recombinase catalyzes
nonhomologous recombination recognizing the DNAcific S region is thought to be directed by its transcrip-
tion, which is regulated by cytokine responsive elements structure rather than the sequence. Our constructs will
be able to give some clues as to whether spliced ma-in the I region promoter (reviewed in Zhang et al., 1995).
However, it has been also pointed out that transcription ture transcripts or intronic S sequence RNA are required
for CSR.itself is not sufficient to initiate recombination (Zelazow-
ski et al., 1995; Nakamura et al., 1996; Snapper et al., The second step is the actual breakage and joining
of DNA. Enzymes involved in the ligation of broken ends1996). Furthermore, the switching efficiency can be
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RNA with SuperScriptII reverse transcriptase (GIBCO-BRL). Fromto complete recombination have been described in re-
this cDNA, the preswitch transcript 1 was amplified with primers ofcent studies on class switching defects in DNA-PKcs-
BF and BR (30 cycles). Likewise, the preswitch transcript 2 and thedefective B cells from SCID mice (Rolink et al., 1996) or
postswitch transcript were amplified using SF and SR and BF and
in Ku80- or Ku70-deficient mice (Casellas et al., 1998; SR, respectively. As an internal control, GAPDH cDNA was amplified
Manis et al., 1998). These studies support the notion with GF and GR (20 cycles). For amplification from genomic DNA
using primers 1F and 1R, 3F and 1R, or 2F and 2R as indicated, wethat CSR falls into the category of nonhomologous re-
used LA Taq polymerase (Takara Shuzo, Japan).combination because the mammalian and yeast homo-
logs of the Ku protein are involved in the nonhomologous
DNA Primers and Probesend-joining pathway. It is now clear that activation of a
BF, 59-GGTTTGCCGCCAGAACACAG-39 (20 mer);
class-nonspecific recombinase is required to introduce BR, 59-GATTTCTTGTCTCCCACGT-39 (19 mer);
DNA breaks. Although the induction of recombinase ac- SF, 59-CTCGAGGAACTGAAAAACCAGAAAG-39 (25 mer);
tivity has been discussed before (Nakamura et al., 1996), SR, 59-GTGGTTTGTCCAAACTCATCAATGT-39 (25 mer);
1F, 59-TAAATGCGGGCCAAGATCTGCACACTGGTATTTCG-39 (35an endonuclease that would introduce breaks in the S
mer);region is totally unknown. Again, our experimental sys-
1R, 59-CATGTGTCAGAGGTTTTCACCGTCATCACC-39 (30 mer);tem will provide a powerful tool to identify such compo-
2F, 59-GTCGGCACCAGTTGCGTGAGCGGAAAGATG 39 (30 mer);
nents of the CSR enzyme complex. 2R, 59-ACTGAGGAGCAGTTCTTTGATTTGCACCACCACCG-39 (35
mer);
Experimental Procedures 3F, 59-ATATGGGATCGGCCATTGAACAAGATGGAT 39 (30 mer);
GF, 59-ACCACAGTCCATGCCATCAC-39 (20 mer);
Constructs and GR, 59-TCCACCACCCTGTTGCTGTA-39 (20 mer).
Switch substrate plasmids were constructed as follows. After con- Probe a, 235 bp HindIII fragment obtained from pEFBOS corre-
verting the unique SacI site of pEFBOS (Mizushima and Nagata, sponding to the SV40 replication origin. This sequence is also in-
1990) into a SalI site using a synthetic oligonucleotide, the 2,844 bp cluded in the SRa promoter. Probe b, 246 bp EcoRI±XhoI fragment
FspI±VspI fragment was isolated, blunt-ended, and designated as obtained from pcDL-SRa EcoRI478 corresponding to the second
a BOS transcription unit. After partial digestion of pcDL-SRa exon just upstream to the polyA signal. Probe c, 903 bp MluI±SalI
EcoRI478, a derivative of pcDLSRa (Takebe et al., 1988), with BamHI, fragment obtained from pMC1neoPolyA.
a BamHI site located in the intron of the SRa promoter was con-
verted to a ClaI site using an oligonucleotide. From this plasmid, a Other Methods
2,067 bp HindIII±SalI fragment was isolated and blunt-ended to Cell Cultures
generate SRa transcription unit. pSMC-11 was constructed by in- The CH12F3-2 cell line is a subline of CH12F3 (Nakamura et al.,
serting a SalI±SmaI±EcoRV±HindIII linker between the unique SalI 1996) that shows slightly higher switching efficiency. Cell culture
and HindIII sites of pMC1neoPolyA (Stratagene, La Jolla, CA). The and stimulation with TGFb, CD40L, and IL-4 were carried out as
BOS transcription unit and the SRa transcription unit were inserted described (Nakamura et al., 1996).
into the unique SalI and EcoRV sites of pSMC-11, respectively, Transfection
and designated as pSMC-13. A 2.7 kb TK gene driven by the PGK After linearization at a unique ScaI site, the constructs were intro-
promoter was excised using EcoRI and SalI from pGEM7(TK)SalI. duced into CH12F3-2 cells with Lipofectamine (GIBCO-BRL) ac-
The TK gene fragment was inserted into a unique SmaI site of pSMC- cording to the manufacturer's instructions. G418-resistant clones
13 to generate pSC(0,0). were subjected to GANC selection (25 mM). GANC-sensitive clones
Switch region fragments and variants of the switch constructs were further selected for integration of a single and intact copy of
were prepared as follows. Sm (FSm-4): the 1.3 kb Sau3AI fragment
the construct and expression of the preswitch transcripts, examined
was obtained from the murine Sm core region of the IgH701 in which
by genomic Southern blotting and RT-PCR, respectively.
spontaneous deletion shortened the original 2.6 kb Sau3AI fragment
GANC Selection
to 1.3 kb (Kataoka et al., 1980). Sequencing this shortened fragment
Transfectants before and after stimulation were inoculated onto a
confirmed that the tandem repeat of the Sm motif was preserved.
96-well plate so that 100 or 10 cells were seeded in a well in the
After ligation of a SalI linker to both ends, the 1.3 kb fragment was
presence of 25 mM GANC. After 14 days, the number of GANC-
inserted into the unique SalI site of pSC(0,0) to generate pSC(m,0).
resistant wells containing at least one colony was counted. TheSa (FSa-2): an 1,155 bp HindIII±EarI fragment was isolated from the
switching frequency was calculated by subtracting the number be-10 kb EcoRI fragment (IgH703) (Genbank #D11468, nucleotide no.
fore stimulation from that after stimulation and further dividing by1993±3148) (Arakawa et al., 1993). After ligation of a ClaI linker to
the total number of cells.both ends, this fragment was inserted into the unique ClaI site of
SequencingpSC(m,0) in the forward and reverse orientation to generate pSC(m,a)
Recombination breakpoints were determined by directly sequenc-and pSC(m,Ra), respectively. Sg1 (FSg1-1): the 1.0 kb BamHI frag-
ing genomic PCR products of GANC-resistant clones using 2F or 2R.ment was isolated from the 6 kb KpnI fragment comprising the Sg1
core region derived from g1-6 (Shimizu et al., 1982). After ligation
Acknowledgmentsof the ClaI linker to both ends, this fragment was inserted to the
ClaI site of pSC(m,0) in the forward orientation to generate pSC(m,g1).
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